Abstract--The effect of Fe oxidation state on the surface charge (CEC) and solubility of smectites were studied using the <2-t~m, Na+-saturated fraction of an Upton, Wyoming; a Czechoslovakian; and a New Zealand montmorillonite; and a Garfield, Washington, nontronite. The reduction of structural Fe 3+ in the octahedral sheet of each clay produced a net increase in the negative surface charge of the clay. The observed cation-exchange capacities deviated from the linear relationship predicted by charge-deficit calculations, assuming changes only in the Fe2+/Fe a+ ratio, and reversibly followed Fe reduction according to a 2nd-degree polynomial function. The deviations suggest reversible changes in mineral structiite and composition during Fe reduction.
INTRODUCTION
If Fe 3+ in the octahedral layer of a clay mineral is reduced to FC +, the negative surface charge of the clay should increase linearly with the concentration of FC + in the structure. This predicted relationship has important consequences relevant to the macroscopic properties of the mineral. According to double-layer theory, the swelling of clay in water is largely osmotic and should increase with surface charge density (Verwey and Overbeek, 1948 ). Low and co-workers (Odom and Low, 1978; Low and Margheim, 1979; Low, 1980 Low, , 1981 Viani et al., 1983) on the other hand, reported that swelling is largely independent of surface charge, asserting that surface area is the determining factor. A knowledge of the precise effects of Fe oxidation state on surface charge would be useful to evaluate these apparently conflicting theories of clay swelling. Also, increasing the layer charge of a smectite mineral may cause its layers to collapse like a vermiculite, and thus alter the effective surface area and other mineral properties. These alterations could provide more complete information about the mechanisms for mineral weathering and the oxidation and reduction of Fe in clay minerals.
Experimental verification of the effect of Fe oxidation state on surface charge is difficult because conventional methods for determining cation-exchange Cop]wight 9 1984, The Clay Minerals Society capacity (CEC) require numerous washings that can cause reoxidation. For example, Roth et al. (1969) reported that the CEC of Garfield, Washington, nontronite remained constant with the reduction of structural Fe 3 § After careful examination of their procedure, however, it is evident that the precautions taken were insufficient to prevent reoxidation. When reduced suspensions of the same clay were washed with degassed solution, using serum stoppers to isolate the samples from the atmosphere, Stucki and Roth (1977) observed a reversible increase in CEC.
Readsorption of Fe, Si, or A1 dissolved from the mineral structure during chemical reduction may also affect the results. These ions could block some cationexchange sites and render the CEC an inaccurate measure of the layer charge. Clays containing tetrahedral Fe are particularly susceptible to irreversible alteration when reduced with dithionite (Russell et al., 1979) , but even clays with very little tetrahederal Fe, such as the Garfield nontronite, can suffer some dissolution (Stucki et al., 1984) . It appears, however, that the dissolution of clays containing little or no tetrahedral Fe is minimal if pH is maintained near neutral, as evidenced by the reversibility of the CEC in the Garfield nontronite.
The study by Stucki and Roth (1977) included only three reduction ratios of one clay (Garfield nontronite) which illustrated an increased CEC upon reduction of Low, 1980) ; NZM = New Zealand, montmorillonite (described by Low, 1980) ; and GAN = Garfield, Washington, nontronite (API #33a).
Fe3+; more work is needed, however, to determine whether this phenomenon occurs generally in other smectites. The purpose of the present study was (1) to establish a more complete understanding of the relationship between the oxidation state of structural Fe and the surface charge by studying several different clays over a wide range of Fe2+/total Fe ratios, and (2) to evaluate the possible effects of clay dissolution on surface-charge determinations.
MATERIALS AND METHODS
The clays selected for this study were API #25 Upton, Wyoming, Czechoslovakia #650, and New Zealand montmorillonites, and API #33a Garfield, Washington, nontronite. Their unit-cell formulae, cation-exchange capacities (CEC), and compositions with respect to Si, A1, Fe 2+, and total Fe are listed in Table  1 . Each clay was Na+-saturated using a 1 N solution of NaCI, fractionated to <2/zm, dialyzed and freezedried. The unit-ceil formulae reported in Table 1 were calculated using the same weight percentages for Si, A1, and Mg that were obtained in earlier studies (Low, 1980; Stucki et al., 1976) ; but the values for exchangeable Na +, Fe 2+, and total Fe were revised according to the results obtained from improved methods for Fe 2+ and total Fe analysis (Stucki and Anderson, 1981; Stucki, 1981) .
Using the methods and apparatus described by Stucki et aL (1984) , 200 mg of clay was added to a preweighed reaction vessel, suspended in 40 ml of citrate-bicarbonate (CB) solution (Stucki et al., 1984) , and reduced with 200 mg of Na2S204 at 70~ for 30 rain. The sample was washed four times with a deoxygenated solution of 5 • 10 -3 N NaCI. Supernatants were saved in 50-ml polymethylpentene (PMP) erlenmeyer flasks, then analyzed for Fe, Si, and A1. The supernatant from the fourth wash was also assayed for Na.
After decanting the final supernatant, the vessel was weighed again to determine the weight of the entrained solution, and the clay was redispersed in 10 ml of deoxygenated, deionized H20. A 2-ml portion of the suspension was transferred to a pressure cell under N2 atmosphere using an air-tight syringe, and most of the water was extruded from the clay through a porous, membrane filter at the base of the cell. The resulting gel was transferred to a 100-ml polypropylene centrifuge tube and analyzed immediately for Fe 2 § and total Fe using the method described by Stucki (1981) . The remainder of the suspension was frozen with liquid N2 and lyophilized. An accurately weighed portion (~ 10 mg) of the resulting freeze-dried material was digested in a 100-ml polypropylene centrifuge tube using the method for Fe 2 § and total Fe (Stucki, 1981 ). An aliquot from the diluted digestate was transferred from the digestion tube to a 50-ml PMP erlenmeyer flask and diluted 1:10 with H20 using an automatic dilutor. The concentration of Na + in this solution was determined by flame emission on a Perkin-Elmer Model 5000 spectrophotometer at 589 nm in an air-acetylene flame. A set of Na + standards ranging from 0 to 0.174 mmole/ liter were prepared by taking selected aliquots of a standard NaC1 solution through the identical procedure. The standard curve was linear up to 0.087 mmole/ liter, and with the dilution ratios used, all samples analyzed were well within the linear range. The supernatant solution saved from the fourth washing was analyzed for Na § in like manner after diluting 1:100 into a 50-ml PMP erlenmeyer flask. A separate set of standard solutions was prepared to simulate the matrix solution of the supernatant.
The method for calculating surface charge from these measurements was based on the total Na + in the digested sample, corrected for a small portion attributable to Na § in the external solution. This calculation required correction terms in the mass of the freezedried gel and in the amount of total Na § observed in the digested portion of the sample. The total mmoles of Na § Ns, in the entrained solution of the gel is given by Ns = c,f, Ve,,
where c, = concentration of Na + in the diluted supernatant solution (mmole/liter), f, = dilution factor for the supernatant solution (~ 10), and V~, = Volume of supernatant entrained in the clay gel prior to freezedrying (liter). If c, ~ 0, the total mass of the freezedried gel, wt, will consist of two parts: the Na+-saturated clay and the NaCI from the external solution. The portion of w, attributable to the clay is then given by: (Gast, 1977) assuming no changes in composition except in the ratio Fe2+/Fe 3+. This relationship is always linear.
where the numerical coefficient converts the units of the second term on the right from mmole to g. The clay fraction of the dried gel, then, is: xc = (w~ -0.0584csfsVes)/w ~ = wJw,.
The NaC1 fraction is:
The mass of clay digested, me, and the amount of excess NaC1 in the digestate, mn, are then obtained from the relations:
and mn = mtxn,
where m, is the mass of dried gel transferred to the digestion tube. The expression for calculating the surface charge, o~, is: r = (Vtcafa -17.11 m~)/mc,
where V~ = volume of the diluted digestate (~0.080 liter), ca = concentration ofNa + in the final dilution of the digestate solution (mmole/liter), and fa = dilution factor for the final dilution of the digestate solution (~ 10). The numerical coefficient simply converts units from g back to mmole. After substituting for mn and m,, Eq. (7) can also be expressed in terms of the mea- 
This method assumes that the layer charge is neutralized completely and solely by Na +. Table 2 ). Pairs labeled either A or B represent separate sets of samples of which the more oxidized member was initially reduced to the level of its more reduced companion with the same letter.
Variations in the reduction ratios were achieved either by reoxidizing a reduced sample or by varying the amount of Na2S204 added (Stucki et al., 1984) . The layer charge of the original clay was determined by submitting the sample to the same treatment as the reduced samples, except dithionite was omitted.
RESULTS AND DISCUSSION

Effects of Fe reduction and reoxidation on CEC
Results showing the effect of Fe oxidation state on the surface charge of the four clays are presented in Figure 1 . The plotted values were obtained from clays in CB solution (pH = 8) that were either unreduced, reduced to various reduction ratios, or reduced and reoxidized. For each clay, the reduction of Fe 3+ to Fe 2+ in the octahedral sheet increased the surface charge of the clay. The history ofa reoxidized sample was traced by preparing a set of two samples reduced under identical conditions to determine the reversibility of the Fe reduction effect on surface charge. One sample was reoxidized by passing H20-saturated 02 through the partially washed suspension, and then determining the surface charge and reduction ratio in each sample. This experiment was performed with two sets of samples of the Garfield and Upton clays, and the results are superimposed on the plots (Figure 1 ) of surface charge vs. Fe 2+ composition of samples of the same clays which were reduced to different levels by varying the amount of reducing agent. The results for each set of reduced and reoxidized samples are labeled in Figure 1 with either A or B. The points for the reoxidized samples are close to the best-fit curves through the points obtained by reduction, regardless of the level of reduction to which the sample was first taken. Thus, the original characteristics of the reoxidized sample were identical to its more reduced companion. Following oxidation with oxygen, these characteristics were altered to resemble those of samples that had reached that state of oxidation by the alternate path of reduction without reoxidation. In other words, the process was reversible.
In the range 0 to ~0.3 mmole FC § clay, the surface charge seemed to follow the linear relationships predicted from charge deficit calculations (column 3, Table 2), assuming that the relative proportion of Fe 3 § and Fe z § in the octahedral sheet was altered but the total composition was otherwise constant. Above this range, deviations from the predicted lines were observed for all four clays and an apparent maximum value was observed for each clay. For the Garfield clay, where the attainable level of reduction was greatest, the surface charge actually decreased after reaching a maximum. For this clay, sufficient data were available to determine that the functional relationship between the CEC (to) and Fe 2 § content is best described by the second-degree polynomial:
where the units of to and Fe 2+ are meq/g and mmole/ g of clay, respectively, and the values of the coefficients c2, ct, and Co are as reported in column 4 of Table 2 . This equation was then used to construct the best-fit curve through the data for the Garfield sample in Figure  1 . Assuming all four clays behaved uniformly, Eq. (9) was used also to determine the best-fit curves through the data (Figure 1 ) for the other three clays; the corresponding values for c2, cl, and Co for these clays are also reported in column 4 of Table 2 . The difference between the observed and predicted CEC values indicates that other changes in the mineral composition took place, which apparently compensated for at least part of the increased negative charge due to Fe 2 § reduction. One physical model that could explain these results was proposed by Stucki and Roth (1977) which included the loss of structural hydroxyls during reduction. A modified version of their proposed mechanism is given by Eqs. (10) to (12): mFe3+x + me-= mFe2+x (10) 2n(OH*)-~ = nO2-~ + nH*20 (11) nO2-x + nH § = nOH-,
where m and n are stoichiometry coefficients, * indicates the proton initially present as part of the structural hydroxyl ion, and x denotes the species in the clay structure. If Eqs. (11) and (12) account fully for the observed deviations from the predicted CEC, the corresponding dependence ofn on Fe 2 § content is given by the difference between the observed and predicted lines (column 5, Table 2 ). No experimental evidence, however, is presently available to test this hypothesis.
Dissolution of Fe, Si, and A1
All of the clays studied were susceptible to partial dissolution in the presence of CB or CBD, but the effects of dissolution and Fe oxidation state on the surface charge seem to be independent. Measurable quantities ofFe, Si, and A1 were released from the clay into the supernatant solution during CBD treatment and subsequent NaCI washings. The CB buffer without dithionite also invoked some dissolution, especially of At. Most of the soluble Fe and Si was recovered in the initial extract (Table 3) , diminishing sharply in subsequent washings. The total quantities recovered were greater from the CBD than from the CB solutions, but amounted to only a small fraction (0.4-4%) of the total Fe and Si initially present in the mineral (Table 4) . This value translates into the loss of only a fraction of a percent of the clay mass, except for the Czechoslovakian clay where the amount of Fe and Si recovered in solution summed to about 2% of the original clay weight. The higher mole ratios of Fe/Si in solution, as compared to the unit-cell mole ratios (Table 4) , indicate that dissolution was moderately selective for Fe relative to Si. The selectivity for Fe was stronger in the Czechoslovakian clay than in the other clays.
The increased dissolution of Fe and Si following treatment with the reducing agent was likely the result of Fe 2 § formation in the clay structure rather than of acid dissolution because the pH stayed near or above neutral. The replacement of Fe a § with Fe 2 § can create local instabilities in the crystal field energies of the Fe sites and thus provide the basis for structural rearrangements that include the dissolution of Fe and Si. These results clearly show that dissolution of Fe from the clay as a result of chemical reduction in CB buffer was very small, and far below the 20% value suggested by Rozenson and Heller-Kallai (1976) for unbuffered solutions.
The dissolution data for A1 (Tables 3 and 4 ) present quite a different picture than the data for Fe and Si. Dissolution was much more extensive, with as much as 26% of the A1 being dissolved; the effects of the CB and CBD solution were reversed; and the concentration in the initial extract was much lower than in the NaCI wash solutions. Even the supernatant solutions from the fourth washings generally contained more A1 than the extracts, raising the possibility that more A1 would have been solubilized if more washing cycles had been used. The very large mole ratios of Al/Si in solution, as compared to the unit-cell Al/Si ratios, indicate a strong selectivity for A1 dissolution in the CB medium. The addition of dithionite decreased slightly the A1 concentration in solution. These observations contrast sharply with the dissolution of Fe and Si, which was enhanced by the addition of dithionite.
Comparison of the most oxidized points in Figure 1 with reported values for the same clays in non-CB environments (Low, 1980; Ross and Mortland, 1966; Lewis, 1950) reveals that the dissolution ofFe, Si, and AI from the unreduced clays had no apparent effect on their cation exchange capacities. Also, the reversibility of charge with Fe reduction and reoxidation suggests that dissolution had no permanent effect on CEC. This means that any loss of structural cations must have been exactly compensated either by the equivalent loss of structural anions or by the readsorption of cations without disturbing the surface exchange capacity. These observations eliminate many possible dissolution mechanisms.
One possible mechanism that is consistent with these observations is that the charge deficit created by the dissolution of At3+ was balanced by the adsorption of three hydrogen ions into each site vacated by A13 § in the crystal structure of the clay (Paver and Marshall, 1934; Low, 1955; Shainberg et al., 1975) . The quantities of Fe and Si dissolved may have been insufficient to be reflected by the CEC. Whether or not this model can account for the continued release of AP + to subsequent wash solutions is unclear, but it is consistent with the other observations, including the reversibility of charge with reduction and reoxidation.
Another possible explanation is that the clay was dissolved homogeneously, i.e., no vacant sites or significant structural defects occurred, but Fe and Si subsequently precipitated as phases separate from the clay mineral. This reaction would have preserved the charge per unit mass of the remaining clay crystal and would have accounted for the greater mole fraction oral relative to Fe and Si in the supernatant solution. Further experimentation will be required, however, before the correct reaction mechanism can be determined.
